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HEAT-- MEASUREMENTS AT A MACH NlTMBER O F  8 
IN TIIE VICINITX OF A goo IITERIOR CORNER 
ALINED WITH TlB F€?333-STRECIM VELOCITY 
By P. Calvin Stainback 
Langley Research Center 
An experimental investigation was conducted to determine the influence of 
the interaction of the flow field with the boundary layer on the heat transfer 
in the vicinity of an interior corner formed by the normal intersection of two 
planes when the line of intersection was alined with the free-stream velocity. 
The investigation was made at a nominal Mach numbe of 8, and the nominal unit 
Reynolds number per foot was varied from 0.23 x loz to 10.07 x 10 . 6 
The results indicated that the peak heating rate in the vicinity of the 
corner could be about 1.5 times the undisturbed flat-plate value outside the 
mutual boundary-layer interaction region. 
to the mutual interaction of the inviscid flow field with the boundary layer. 
Within the mutual boundary-layer interaction region a decrease in the heating 
rate was observed, and this result was in qualitative agreement with theoretical 
results. 
This high heating rate was attributed 
INTRODUCTION 
The flow of a fluid in the vicinity of an interior corner formed by two 
intersecting plates has received considerable theoretical and experimental 
attention in recent years since this simple geometric configuration can be 
expected to simulate adequately some of the major phenomena encountered on more 
complex junctions found in fluid machines, aircraft, and high-performance 
spacecraft. 
Most of the theoretical investigations have been limited to the study of 
the boundary layer in the immediate vicinity of the corner. 
refs. 1 to 11.) 
cous interaction region or simply the near-corner region. 
of the experimental investigations were limited to the study of the inviscid 
flow field and its ultimate interaction wtth the boundary layer outside the 
near-corner region (refs. 12 to 15). 
far-corner interaction region. A theoretical study of the inviscid far-corner 
(See, for example, 
Until recently, most 
This flow regime is designated herein as the near-corner vis- 
This region is designated herein as the 
interaction region can be found in reference 16 and an experimental study of the 
viscous near-corner region in reference 17. Recently, experimental studies con- 
ducted at a Mach number of 16 provided heat-transfer and pressure data in both 
the near and far interaction regions (refs. 18 and 19). 
The present paper presents heat-transfer and flow-visualization data taken 
in both the near-corner and far-corner interaction regions at a Mach nuniber of 
8.00 and a range of'Reynolds number per foot from 0.23 x 10 6 to 10.07 x 10 6 . 
The present data are presented in somewhat more detail than the heat-transfer 
data of references 18 and 19 and because of the difference in the free-stream 
Mach number and should serve to supplement the data of these references. 
SYMBOLS 
h aerodynamic heat-transfer coefficient, Btu/sec-ft2-% 
M, free-stream Mach number 
Stanton number based on free-stream conditions NSt 
P pressure 
l aerodynamic heat-transfer rate, Btu/sec-ft2 
R unit Reynolds number (per foot) based on free-stream conditions 
RX Reynolds number based on free-stream conditions and distance from 
leading edge 
T temperature 
X distance from leading edge of model 
Y, = 
6 interaction boundary-layer thickness 
Subscripts : 
coordinate distances from corner of model 
e effective flat-plate value 
t stagnation conditions 
W w a l l  condition 
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DESCRIPTION OF MODEL 
0.05 
15 
35 
.60 
1.00 
1-50 
2.00 
The corner heat-transfer model w a s  machined from a single piece of 17-4 PH 
stainless-s teel  bar stock. 
(See f ig .  1 f o r  de ta i l s . )  
and these produced a corner with an inside dimension of 4.00 inches i n  the ver- 
t i c a l  and transverse directions. The model w a s  instrumented from 0.050 inch t o  
2.00 inches f romthe  corner and 0.50 inch t o  9.75 inches from the leading edge. 
The leading-edge thickness w a s  approximately 0.002 inch. 
I t s  overall  dimensions were 4.50 by 4.30 by 11 inches. 
The sides which formed the corner were 0.50 inch thick 
0.50 
The thermocouple s ta t ions were formed by machining 0.PO-inch transverse 
slots 2.50 inches long i n  the reverse side of the model t o  produce a skin thick- 
ness 0.015 inch. Near the leading edge, where the O.3O-inch s lo t s  w o u l d  have 
overlapped, a large cavity w a s  machined t o  receive the thermocouples. 
cavi t ies  were shielded from the flow by the support system or by cover plates.  
A t  the corner two milling operations, Po apart ,  were made a t  each longi- 
A l l  
tudinal s ta t ion  i n  order t o  form a corner with 0.015-inch-thick w a l l s .  
f ig .  1.) A s  a re su l t  of t h i s  method of machining, an excess mass 0.013 by 
0.015 inch w a s  formed opposite the  l i n e  of intersect ion of the planes fonhing 
the corner. This mass received no d i rec t  aerodynamic heating f romthe  model 
surface; the heat stored i n  t h i s  mass was received from adjacent metal by con- 
duction. I n  an attempt t o  reduce this conduction, the inside corner of t h i s  
mass w a s  chamfered 0.015 inch by 45O. Thermocouples were located on the ckam- 
fered surface and were used t o  monitor the conduction e f fec ts  of the excess mass 
on the thermocouples located 0.05 inch from the  corner. The elementary analysis 
of reference 13 indicated that the e f fec t  of the excess mass on the heating r a t e  
determined by the thermocouples 0.05 inch from the corner w a s  l e s s  than 4 per- 
cent. 
data. 
(See 
This possible error  ms not taken in to  account i n  reducing the present 
A t o t a l  of 80 iron-constantan thermocouples (0.010 inch i n  diameter) were 
ins ta l led  i n  the model. 
individual thermocouple wires on the reverse side of the model skin. The 
coordinates of the thermocouple s ta t ions a re  given i n  the following table:  
The thermocouple junctions were made by spot welding 
1.00 1.50 
x, in. 
2.25 3 -25 
. . 
6.00 7-75 9.75 1 
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A second model was made similar to the heat-transfer model and was used 
for the temperature-sensitive-paint and oil-flow investigation. This model was 
covered with plastic and fiber glass, except in the vicinity of the leading 
edge, to provide an insulating surface desirable for use with the temperature- 
sensitive-paint investigation. 
In order to obtain shadowgraphs of the shock inside the corner, a third 
model was constructed of steel; and a flat, front-surfaced mirror was set into 
the vertical side an inch from the leading edge. With this model it was pos- 
sible to obtain double pass shadowgraphs of the shock generated by the trans- 
verse side of the model. 
TEST PROCEDURE AND DATA REDUCTION 
Testing of the corner model was conducted at the Langley Mach 8 variable- 
density tunnel. This tunnel is of the blowdown type and has an axially symmetric 
nozzle with contoured walls. The average test-section Mach number variation with 
stagnation pressure is presented in figure 2. The Mach numbers used to reduce 
the present data were obtained from an earlier partial calibration of the tunnel 
and except for the low stagnation pressure, where the earlier calibration curves 
were extrapolated, the results .of the two calibrating curves were essentially 
the same. 
6 The test-section unit Reynolds number per foot ran ed from 0.23 x 10 to 
10.07 x 10 6 for the heat-transfer tests; from 0.76 x 10 E to 3.15 x lo6 for the 
shadowgraph tests; and for the oil-flow and temperature-sensitive-paint inves- 
tigation the Reynolds number per foot was 1.77 x lo6. 
The heat-transfer data were obtained by the transient-heating technique. 
This technique provided for the establishment of steady flow in the test section 
with the model outside the tunnel; after steady operation had been obtained the 
model was inserted into the test section. The model was removed from the test 
section after about 4 seconds and was brought to isothermal conditions at approx- 
imately room temperature. The transient-heating times required to move the model 
through the tunnel boundary layer was about 0.03 second, and care was taken to 
eliminate this effect on measured temperature during data reduction. 
The heat-transfer data were obtained by recording the temperature-time 
history of the model on magnetic tape with a digital data recorder. The tempera- 
ture data were reduced to heating rates and Stanton number on a digital computing 
machine. (See ref. 20 for the details of data reduction.) 
The temperature-sensitive-paint, oil-flow, and shadowgraph tests were sim- 
ilar to the heat-transfer tests. The temperature-sensitive-paint model is shown 
mounted on the test-section injection mechanism in the retracted position in 
figure 3. 
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The temperature-sensitive paint has the character is t ic  that the paint 
changes color as i t s  temperature i s  increased. The paint used was a fmr-color- 
change type; however, only one color change w a s  experienced during the present 
t e s t s .  This color change occurred from pink, the or iginal  color, t o  blue. A 
more detailed description of this paint and tes t ing  technique can be found i n  
reference 21. 
DISCUSSION OF RESULTS 
The heat-transfer data i n  the form of Stanton number a re  presented i n  f ig-  
ure 4 as  a function of Reynolds number f o r  various uni t  Reynolds numbers and 
distances from the corner. The data are  presented i n  tabular form i n  table  I. 
Theoretical low-speed laminar ( re f .  22) and turbulent ( r e f .  23)  f la t -p la te  
heating curves a re  included i n  the figure fo r  comparison with the present data. 
For reference, the leading-edge boundary-layer induced shock location, obtained 
from the shadowgraph r e su l t s  presented i n  figure 5 ,  i s  also included i n  the f ig-  
ure. I n  figure 5(a) the shock location i s  indicated by i t s  ref lect ion from the 
mirror which i s  set in to  the ve r t i ca l  side of the model. Also presented i n  f ig-  
ure 5(b) are p lo ts  of shock locations f o r  various uni t  Reynolds numbers. 
of these curves were obtained by extrapolating the measured data. 
noted tha t  the Reynolds number based on the shock distance from the leading 
edge i s  outside the,Reynolds number range shown i n  some of the plots i n  figure 4. 
Some 
It should be 
A t  y = 2.00 and 1.50 inches, the Stanton number ( f ig .  4) agrees quite well 
with the  theoret ical  laminar values except f o r  
ment can be a t t r ibu ted  t o  t rans i t iona l  or turbulent flow. 
crosses the y = 1.50 locat ion ahead of the l a s t  thermocouple, there i s  l i t t l e  
i f  any indication of this disturbance on the heating r a t e  except fo r  the afore- 
mentioned t rans i t ion  which w i l l  be discussed subsequently. A s  y i s  decreased 
t o  1.00 inch there i s  some indication of an increase i n  the Stanton number 
behind the shock. 
numbers. A fur ther  decrease i n  y t o  0.60 inch reveals a pronounced increase 
i n  heating behind the shock and t h i s  increase i s  evident as  y i s  decreased t o  
0.05 inch. A t  y = 0.05 inch the Stanton number i s  substantially l e s s  than the 
theoret ical  laminar value f o r  large values of x. This decrease can be a t t r i b -  
uted t o  the m u t u a l  in teract ion of the boundary layers i n  the v ic in i ty  of the 
corner, a r e su l t  i n  agreement with the near-corner interaction theories. 
R, > 4 x lo6 where the disagree- 
Although the shock 
This phenomenon i s  most evident a t  the lower uni t  Reynolds 
The regions with heating rates higher than the undisturbed laminar values 
a re  located i n  the far interact ion regions and r e su l t  from the mutual interaction 
of the two inviscid flow f i e l d s  associated with the two plates  forming the corner 
and t h e i r  ultimate interaction with the boundary layer. The maxi” value of 
t h i s  increased heating i s  about 1.5 t o  2.0 tines the theoret ical  laminar value 
and occurs a t  about 0.35 inch from the corner. 
The area where the increase i n  heating occurs is  w e l l  downstream of the 
projected shock location. This r e su l t  can be seen from f igure 4 and a l so  from 
figure 6 .  This latter figure presents the temperature-sensitive-paint resu l t s .  
The dark areas (blue) represent regions with higher heating ra tes  than the 
l i g h t  areas (pink). The shock posit ion has been superimposed on the photograph 
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and the high heating region i s  located downstream of the shock. 
i s  more evident at  large distances from the leading edge as a r e su l t  of the 
"conical l ike" disturbances which originate a t  the leading edge of the corner. 
T h i s  condition 
It i s  interest ing t o  note from figure 4 that  i f  data were available only 
over a limited Reynolds number range, the increase i n  heating might erroneously 
be a t t r ibu ted  t o  t ransi t ion.  However, f o r  suff ic ient ly  large values of the 
Reynolds number the heating rate downstream of the peak heating region tends t o  
decrease toward the laminar value. I n  fac t ,  a comparison of the t rans i t ion  data 
a t  R, = 10.07 x lo6 
0.05 inch indicates that the corner flow which causes the increased heating 
tends t o  suppress t ransi t ion.  
(per foot)  f o r  decreasing values of y from 2.00 t o  
There is  a s l igh t  indication t h a t  the heating r a t e  i n  the immediate v ic in i ty  
of the shock i s  reduced below the undisturbed value. Th i s  phenomenon can be seen 
a l i t t l e  clearer when the parameter Nst Fx 
Such a p lo t  is  presented i n  f igure 7 fo r  
0.35 inch. 
turbed flow over the model and a curve i s  fa i red  through the data f o r  a l l  values 
of y, then a s l igh t  reduction i n  the heating r a t e  i n  the v ic in i ty  of the shock 
can be discerned. T h i s  result suggests the poss ib i l i ty  that the shock tends t o  
produce an incipient boundary-layer-separation condition w i t h  i t s  attendant 
thickening of the boundary layer. 
i s  plot ted as a function of 
y = 1.50 inches, 0.60 inch, and 
x. 
If the data f o r  y = 1.50 inches are assumed t o  represent t h e  undis- 
I n  reference 11 the reduction i n  the 'heat ing r a t e  within the mutual 
boundary-layer interact ion region was found t o  vary l inear ly  w i t h  distance from 
the corner. This var ia t ion can be expressed as 
( 0  5 y 5 6 )  
If the def ini t ion of the aerodynamic-heat-transfer coefficient i s  used and the 
w a l l  i s  assumed t o  be isothermal, equation (1) can be expressed as follows: 
This equation can be 
based on free-stream 
given i n  terms of the Stanton number and Reynolds number, 
conditions, as 
The interaction boundary-layer thickness can be expressed as (ref .  1) 
6 
where C i s  a constant f o r  a corner model 
d i en t .  Substi tuting equation (4) in to  ( 3 )  
with zero streamwise pressure gra- 
gives 
N s t  \IR, = F X  (0 5 y 5 8) 
where B i s  a constant and equal t o  pst 
- sure gradient i s  negligible. 
&le/C!, provided the streamwise pres- 
The heat-transfer data are presented i n  terms of the parameters of equa- 
t i o n  ( 5 )  f o r  several free-stream un i t  Reynolds numbers i n  figure 8. This figure 
indicates t h a t  the vaxiation of the  heating r a t e  w i t h  distance from the corner 
i n  the interaction region i s  essent ia l ly  l inear  within the limits of the present 
Investigation and tends t o  confirm the theoret ical  f inding of reference 11. 
For the present tes t  conditions, the "undisturbed" conditions exterior t o  
the near-corner viscaus-interaction region are not the f la t -p la te  values but 
would be the conditions between the  near-corner region and the high heating 
region i n  the far-corner region. 
From f i g w e  8 this value of bst appears t o  be constant fo r  a l l  un i t  
Reynolds numbers and has a value of about 0.475. 
the  corner indicate that the value of B m i e s  with uni t  Reynolds number and 
if pst dRxJe i s  assumd constant, the value of C mus t  vary with uni t  
Reynolds number. This var ia t ion  i s  shown i n  figure 9, where C i s  determined 
by the intersect ion of the fa i red curve with the assumed constant value of 
[Nst ,@e of 0.475. Values f o r  C can a l so  be obtained from figure 4 f o r  
y = 0.05 inch 
when the Stanton number deviates from the f la t -plate- l ike var ia t ion t h a t  it has 
near the  leading edge. Values f o r  C calculated i n  this manner a re  a l so  shown 
i n  figure 9 and the agreement i n  e s t i m t i n g  C by the two methods i s  good. A 
curve f i t t e d  t o  the data indicated that C R0'459. The power of the unit 
Reynolds number i s  nearly 0.5 and indicates that 6 i s  almost independent of 
un i t  Reynolds number and, therefore, is  almost proportional t o  
heat-transfer parameter NSt fix i n  the boundary-layer interaction region 
should correlate  i n  terms of the geometric quantity 
heat-transfer parameter NSt fix i s  plotted as a function of y/ f i  and shows 
that in  the near-corner region the heat-transfer parameter can be correlated 
reasonably w e l l  i n  terms of this geometric quantity. 
Curves f i t t e d  t o  the data near 
if  it i s  assumd that the near-corner interaction region begins 
fi. A l s o ,  the 
y / G .  I n  figure 10 the 
That 6 i s  almost independent of unit Reynolds number can be seen by 
calculating 6 f o r  R = 0.23 X lo6 and R = 10.07 X lo6 from the values of 
C obtained from the curve i n  figure 9. These calculations would reveal t ha t  
6 changes only 16 percent, whereas if  C were a constant, 6 would vary by 
a factor  of 6.6. 
Attempts were made t o  determine the reason for  the re la t ive  invariance of 
6 with uni t  Reynolds number. The variation of 6 can be influenced by the 
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boundary-layer induced pressure on the plate,  which would be more effect ive i n  
thinning the boundary layer f o r  low un i t  Reynolds number than f o r  high values. 
Reference 11 indicated tha t  for Mach "fbers greater than about 3.5 the boundary 
layer  i n  the corner i s  "square," t h a t  is, the interact ion boundary layer  i s  equal 
t o  the undisturbed value. Fromthis  result the undisturbed boundary-layer thick- 
ness was approximated by estimating the pressure distribution, the r a t i o  of the 
boundary-layer thickness i n  a pressure gradient t o  the  zero-pressure-gradient 
value, and the zero-pressure-gradient boundary-layer thickness fram refer- 
ences 24, 25, and 26, respectively. 
i n  figure 9 as a crosshatched area since C var ies  with x f o r  cases where a 
pressure gradient ex is t s .  (It should be noted that C f o r  the present case 
probably varies with x 
suff ic ient ly  detailed t o  reveal this variation.)  
t h a t  f o r  the lowest u n i t  Reynolds numbers the measured values of and a lso  
6 are about one-half the estimated undisturbed values. T h i s  result indicates 
that some other phenomenon must be responsible f o r  reducing the extent of the 
interact ion boundary layer.  
The results of these calculations are shown 
f o r  a given unit Reynolds number, but the data are not 
Frau figure 9 it can be seen 
C 
It w a s  postulated i n  reference 27 that the leading edge of the corner pro- 
duced a vortex system i n  the v ic in i ty  of the corner. 
correct, the vortex could influence the extent of the near-corner region by 
a l te r ing  the flow a t  the outer edge of the boundary layer. 
gate the existence of a vortex system i n  the v i c in i ty  of the corner, several o i l -  
flow t e s t s  were conducted. These tests were performed both by coating the corner 
model completely with a mixture of o i l  and lamp black and by using discrete  dots 
of the mixture. 
1.77 x 10 6 of the completely coated model i s  shown i n  figures l l ( a )  and l l ( b ) ;  
r e su l t s  of the discrete-dot method a re  shown i n  figure l l ( c ) .  The two photo- 
graphs i n  figures l l (a )  and ll(c) show the general flow pat tern obtained from 
both t e s t  methods. The other ( f ig .  l l ( b ) )  shows a closeup of the flow pat tern 
i n  the v ic in i ty  of the corner and leading edge. 
If t h i s  postulate were 
I n  order t o  investi- 
Results of the test  a t  a un i t  Reynolds number per foot  of 
The f low pat tern obtained from the model completely coated with the o i l -  
lampblack mixture reveals a high shear region near the leading edge i n  the 
v ic in i ty  of the corner. 
sensitive-paint resu l t s  presented i n  figure 6, that is ,  the high heating region 
revealed by the temperature-sensitive-paint r e su l t s  i s  due t o  the f a c t  t ha t  the 
shear s t resses  i n  the boundary layer a re  higher i n  the region of high heat- 
t ransfer  r a t e  than i n  adjacent regions. 
vortex system i n  the v ic in i ty  of the corner. 
T h i s  r e su l t  i s  i n  general agreement w i t h  the temperature- 
This r e su l t  could be indicative of a 
The oil-flow re su l t s  indicate some outflow from the corner which i s  greater 
than the outflow tha t  could be expected from displacement effects .  
could a l so  be indicative of a vortex system. 
This e f fec t  
CONCWSIONS 
The experimental investigation, a t  a Mach number of 8, of the flow i n  the 
v ic in i ty  of the corner formed by two perpendicular plates  alined with the free- 
stream velocity permits the following conclusions t o  be s ta ted:  
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1. A high heat-transfer region exter ior  t o  the mutual boundary-layer- 
interaction region i s  associated with the flow-field interaction between the two 
plates  and i t s  ultimate interactions with the boundary layer. 
t h i s  region is  approxhately 1.3 theoret ical  f la t -p la te  value without the flow- 
f i e ld  interaction. 
The heating i n  
2. Within the m u t u a l  boundary-layer-interaction region a decrease occurs 
i n  the heating rate t h a t  i s  i n  p a l i t a t i v e  agreement with r a t e s  from recent 
compressible-flow theory. 
3 .  The m u t u a l  boundary-layer-interaction thickness as deduced from heat- 
transfer t e s t s  i s  re la t ive ly  insensit ive t o  the free-stream uni t  Reynolds number 
and is  therefore almost proportional t o  fi, where x i s  the distance from the 
leading edge. 
4. A s l igh t  reduction i n  the heating tha t  takes place i n  the v ic in i ty  of 
the boundary-layer induced shock i s  apparently associated with a thickening of 
the buundary laqer due t o  incipient boundary-layer-separation conditions caused 
by the shock. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, Va.,  May 13, 1964. 
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Figure 5 . -  Temperature-sensitive-paint corner model on test-section injection mechanism. 
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(a) Shadowgraphs of flow over corner model. 
Figure 5.- Shadowgraph study. 
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Figure 6. - Corner-flow-model temperature-sensitive-paint results. R = 1.77 X lo6. L-64-3096 
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Figure 7.- Heat-transfer-parameter variation along model for various distances from corner. 
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(a) Completely coated technique. L-64-309’7 
Figure 11.- Corner-flow model; oil-flow results. R = 1.77 x lo6. 
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Figure 11.- Continued. 
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Figure 11.- Concluded. 
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